This work spotlights the development of a plasmonic photocatalyst showing surface plasmon induced enhanced visible light photocatalytic (PC) performance. Plasmonic Au nanoparticles (NPs) are decorated over the hybrid nanosystem of graphitic carbon nitride (GCN) and graphene quantum dots (GQD) by citrate reduction method. Surface plasmon resonance (SPR) induced enhancement of Raman G and 2D band intensity is encountered on excitation of the Plasmonic hybrid at 514.5 nm, which is near to the 532 nm absorption band of Au NPs. Time-resolved photoluminescence and XPS studies show charge transfer interaction between GQD-GCN and Au NPs. Plasmonic hybrid exhibits an enhanced PC activity over the other catalysts in the photodegradation of methylene blue (MB) under visible light illumination. Plasmonic photocatalyst displays more than 6 fold enhancement in the photodecomposition rate of MB over GQD and nearly 2 fold improvement over GCN and GQD-GCN. GQD-GCN absorbs mostly in the near visible region and can be photoexcited by visible light of wavelength (l)<460 nm. Plasmon activation in Au NPs decorated GQD-GCN could exploit the entire UV-visible light for photocatalysis. Furthermore, plasmonic Au act as antennas for accumulation and enhancement of localized electromagnetic field at the interface with GQD-GCN, and thereby promotes photogeneration of large numbers of carriers on GQD-GCN. The carriers are separated by charge transfer migration from hybrid to Au NPs. Finally, the carriers on the plasmonic Au nanostructures initiate MB degradation under visible light. Our results have shown that plasmon decoration is a suitable strategy to design a carbon based hybrid photocatalyst for solar energy conversion.
In situ decoration of plasmonic Au nanoparticles on graphene quantum dotsgraphitic carbon nitride hybrid and evaluation of its visible light photocatalytic performance 1 
. Introduction
Conversion of solar energy into chemical energy with the aid of photocatalysis is considered to be a promising approach to produce clean, sustainable energy and for the degradation of environmental pollutants [1] [2] [3] . Semiconductor metal oxides (SMOs) have long been studied as an excellent photocatalytic (PC) material in water splitting and degradation of organic dyes [1] [2] [3] [4] . These wide band gap SMO nanostructures are active photocatalysts under UV light but inefficient to utilize visible light for photocatalysis. By incorporation of metal and non-metal dopants, SMO is made efficient absorber of visible light [5] [6] [7] [8] . However, dopant inhomogeneity and dopants acting as carrier recombination centres are the major hurdles in their effectiveness as a photocatalyst. Recently, carbon based 2D nanomaterials, viz. graphene and graphitic carbon nitride (GCN), have gained sufficient attentions in the field of photocatalysis, energy storage, sensing, etc [9] [10] [11] [12] [13] . Unlike gapless metallic graphene oxygenated functional groups in graphene oxide (GO) helps in the opening up of a band gap in the system. The hydrophilic functionalities also help graphene to form a stable dispersion in aqueous system [14] . Ramirez et al reported efficient removal of phenol and 4-chlorophenol from contaminated water using graphite oxide and GOs as photocatalysts [15, 16] . In another study, Shan et al reported enhanced tylosin degradation in a composite system of GO with goethite [17] . Graphitic carbon nitride (g-C 3 N 4 ), having a band gap of 2.7 eV is another suitable material for H 2 production as the water oxidation-reduction potential appears in the band gap [13, 18] . These carbon-based 2D materials are excellent carriers of electrons but suffer from poor absorption of visible light and fast recombination of photoexcited carriers.
Hybrid nanostructures of carbon based materials with SMO are reported to exhibit superior PC activity than those of their parent counterparts [19, 20] . However, developing a good interfacial contact between the two systems is a vital step for efficient charge carrier separation at the interface. More recently, nanohybrid systems composed of 2D-2D carbon nanostructures are drawing attention as a material for photocatalysis under visible light [21, 22] . This hybrid system is stabilized through π-π van der Waal interaction. The carriers in 2D materials have shorter diffusion length. Thus, easy carrier migration from bulk to surface is facilitated and because of the energy offset between valence and conduction band of the constructed hybrid components the photogenerated charge carriers are efficiently separated [21] . Coupled systems of g-C 3 N 4 and GO are reported to show enhanced PC activity. The oxygenated functional groups can tune the optoelectronic properties of the hybrid system making it suitable for photocatalysis [22] [23] [24] . In a recent study, researchers observed improved PC activity in graphene quantum dots (GQDs) decorated graphitic carbon nitride (GCN) [25, 26] . In a theoretical study, Ma et al observed strong interfacial electron coupling when GQD is hybridized with GCN [25] . This facilitates charge carrier separation at the interface making the hybrid a better photocatalyst. In another study, Zou et al reported improved H 2 generation over GQD decorated C 3 N 4 nanosheets [26] .
In the present study, we have developed a 0D-2D hybrid nanosystem of GQDs and GCN. Unlike pristine GQD and GCN which show absorption in the UV region, GQD-GCN shows absorption in the extended UV-visible region. It is shown that interfacial charge separation is much prolonged in GQD-GCN. However, because of the poor absorption of visible light this hybrid system is inefficient to utilize maximal visible light for photocatalysis. Since plasmon absorption covers the entire UV-vis-NIR range of the solar spectrum, plasmon decoration over a hybrid catalyst could maximize the spectral range for visible light PC applications. Furthermore, plasmon activation promotes strong light intensity enhancement at the interface of Au with GQD-GCN and thereby, facilitates carrier separation and migration from GQD to GCN and finally to Au nanoparticles (NPs).
Thus, integration of Au NPs with GQD-GCN has endowed the plasmonic hybrid photocatalyst with improved PC performance in the degradation of methylene blue (MB) by the utilization of localized surface plasmon resonance (SPR) of Au NPs [27] [28] [29] .
Experimental details

Preparation of g-C 3 N 4 (GCN)
GCN was prepared using urea as the starting precursor. 10 g of urea was taken in a silica crucible and covered with a lid. The crucible was subjected to heat treatment at 550°C for 3 h at a heating rate of 5°/min. The crucible was taken out of the furnace when the temperature had reached room temperature. The product was pale yellow in colour. The corresponding g-C 3 N 4 sample was labelled as GCN.
2.1.1. Synthesis of GQDs. GO was synthesized by a modified Hummers method, as reported elsewhere [30] . Typically, the as-synthesised GO sheets were oxidized with concentrated H 2 SO 4 and HNO 3 mixture (volume ratio 1:3) with 1 mg of GO. The resulting product was referred to as oxidized GO (OGO). For the synthesis of GQDs, the OGO was used as precursor material and dimethyl formamide (DMF) as the solvent. OGO was mixed with (1 mg/0.1 ml) of DMF and ultrasonicated for a few minutes to obtain the uniform dispersion. Further, this solution was transferred into a Teflon lined autoclave (100 ml) and heated at 200°C for 7 h.
2.1.2. Preparation of GQD-GCN hybrid system. For the preparation of a GQD-GCN hybrid system, equal weight ratio of GQD and GCN (1:1) was taken and added to 100 ml water in two separate beakers. Both beakers were kept for ultrasonic treatment for 1 h to allow complete dispersion in water. GCN solution was kept in stirring condition. After 15 min, the GQDs was added to the GCN solution and the mixture was stirred for another 1 h. After completion of stirring, the mixture was centrifuged and dried at 60°C in a hot air oven to collect the dried product.
2.1.3. Synthesis of Au NPs. Au NPs were prepared by a citrate reduction method [31] . Typically, 0.5 mM gold (III) chloride was prepared in 300 ml water and heated to boiling. 30 ml of 0.1 M trisodium citrate dihydrate (TSC) was added to the boiling gold chloride solution with continuous monitoring of colour changing. When the colour of the solution became purple red, the reaction was immediately stopped and cooled down to room temperature. This gave rise to the colloidal Au NPs.
2.1.4. Decoration of Au NPs on GQD-GCN. In situ decoration of Au NPs over GQD-GCN was performed by directly adding the hybrid catalyst GQD-GCN in the gold chloride solution. GQD to GCN weight ratio was 1:1 and the concentration of gold chloride solution was 0.5 mM. Typically, 30 mg of GQD-GCN was taken in 300 ml of double distilled water in a 500 ml beaker and subjected to ultrasonication for 30 min. The large volume of water was taken for better dispersion of GQD-GCN and to prevent agglomeration of Au NPs over the hybrid nanosystem. The solution containing GQD-GCN was then heated at 90°C. 30 ml of 38.8 mM TSC was added dropwise to the gold solution containing GQD-GCN. After 30 min of stirring, the final mixture got a purple-white colour. At this point, the reaction was immediately stopped and cooled down to room temperature. The solution was centrifuged three times with water and then dried at 60°C. The obtained product was Au NPs decorated over GQD-GCN hybrid and named as Au@GQD-GCN.
Characterisation techniques
Phase structure of the as prepared samples was characterized with x-ray diffraction (Rigaku RINT 2500 TTRAX-III). The XRD pattern was obtained by exciting the samples with Cu Ka x-ray radiation (l = 1.54 Å) at a scanning rate of 5°/min and within the scanning range of 8°-70°. Morphology and particle sizes were observed in transmission electron microscope (JEOL JEM 2010, 200 kV). Field emission scanning electron micrograph (FESEM) images and elemental mapping were obtained in a scanning electron microscope (Sigma, Zeiss). Fourier transform infrared (FTIR) spectroscopy measurements were performed in Perkin Elmer, Spectrum BX spectrophotometer. Raman scattering measurements were performed in a Horiba Raman spectrometer (LabRam HR800, Jobin Yvon) at excitation wavelengths of 488 nm and 514.5 nm, respectively. X-ray photoelectron spectroscopy (XPS) measurements were performed in a PHI X-tool automated photoelectron spectrometer (ULVAC-PHI, Japan) with an Al Ka x-ray beam source (1486.6 eV) and with a beam current of 20 mA. Absorption spectra were taken in UV-vis spectrophotometer (Perkin Elmer, UV win Lab). PL measurements were carried out by exciting the samples at 375 nm (Fluoromax-4, Horiba Scientific). Time-resolved PL (TRPL) spectra were recorded using a picosecond time-resolved luminescence spectrometer (FSP920, Edinburgh Instruments). For the PC study, we have considered non-biodegradable MB dye as the model organic pollutant. PC experiment was performed by adding a small amount of catalyst (6 mg) to 100 ml aqueous MB solution with an initial MB concentration of 8 mg l −1 . Aqueous MB solution with catalyst was stirred in dark for 45 min in order to obtain an equilibrium condition between dye and the catalyst. The solution was irradiated under visible light (λ>400 nm, 450 Watt Xe arc lamp, ORIEL instruments) with external UV cut off filter and mirror for beam reflection. During light irradiation cold water was circulated throughout the reactor to maintain the temperature of the system near room temperature. After every 15 min 1-2 ml of solution was taken and centrifuged. The irradiation was continued up to 180 min. Photodegradation of MB was monitored by the decrease of its absorption intensity (peak at 665 nm) with irradiation time.
Hydroxyl radical test.
In a typical experiment, a solution was prepared with 2×10 −3 M of NaOH and 5×10 −3 M of terephthalic acid (TA) in 100 ml DI water [32] . After a few min of stirring 6 mg catalyst was added to the solution. The irradiation time and sample collection after each step of irradiation were similar to the above experiment. After completion of the irradiation experiment, small volume of TA was taken and its PL intensity was measured. Fluorescence measurements of the sample were carried out with excitation at 312 nm.
Superoxide radical test. In this test, nitro blue tetrazolium chloride (NBT) of 1×10
−5 M was dissolved into 100 ml of DI water and stirred [33] . During the stirring, 6 mg of catalyst was added and this was further stirred for 1 h. The irradiation time and sample collection after irradiation was similar to that of hydroxyl radical test. UV-vis absorption measurements were carried out with a commercial spectrophotometer (Shimadzu, UV3101PC). Figure 1 shows the steps involved in the synthesis of Au@GQD-GCN by citrate reduction method. For the decoration of Au NPs over the hybrid, GQD-GCN is dispersed in aqueous Au 3+ solution. The solution is kept in stirring condition for distribution of Au 3+ ions over the GQD-GCN. The solution is heated to boiling and then TSC is added. TSC reduces Au 3+ to metallic Au 0 on the surface of GQD-GCN. The completion of the reaction is monitored by the appearance of purple-white coloured solution. In figure 1 , we have shown that Au (shown by purple ball) NPs are associated with GQD (blue ball) and GCN in Au@GQD-GCN. There are, however, possible locations on GCN nanosheets where Au NPs remain in contact with GCN without being in contact with GQD. However, for an understanding of the plasmonic hybrid formation we have considered in the schematic the locations where there is possibility of Au NPs being in contact with GQD and GCN.
Results and discussion
Figure 2(a) shows the XRD pattern of pristine GQD, GCN, GQD-GCN and Au@GQD-GCN. The single intense diffraction peak in GQD at 2θ=26.3°can be indexed to (002) crystallographic plane of GQD [34] . The (002) diffraction peak at 2θ=27.5°in GCN is attributable to the interlayer spacing of GCN nanosheets [35] . In the GQD-GCN hybrid system, the major peak corresponds to GQD and the shoulder peak corresponds to (002) plane of GCN. Along with the diffraction peaks of GQD and GCN, the reflection lines of face-centred-cubic (fcc) Au is clearly observed in the XRD pattern of Au@GQD-GCN. The diffraction peaks at 38.2°, 44.4°and 64.4°are in agreement with the fcc phase structure of Au ((JCPDS 04-0784) [36] . Figure 3(a) shows the Raman spectra of GQD, GQD-GCN and Au@GQD-GCN for an excitation wavelength of 488 nm. Raman spectra of different samples display the characteristic G band (∼1580 cm −1 ) of GQD, which is associated with in-plane phonon vibration of sp 2 carbon atoms with E 2g symmetry. The D band at 1350 cm −1 with A 1g symmetry becomes activated in the presence of defects and involves transverse optical phonons around K-point of Brillouin zones [37] [38] [39] . Weak Raman band at 2730 cm −1 is the 2D band, which is the overtone of D-band. This band is resulted from the double resonance transition producing two phonons of opposite momentum [39] . The relative intensity of disorder induced D band to crystalline G band (I D /I G ) is nearly 1 in all the samples, which signifies that the prepared GQDs contain functional groups and unsaturated carbon on the edges [40] . There is a slight modification of Raman bands of GQD in the hybrid GQD-GCN and Au@GQD-GCN. Next, we analyse the Raman spectra of the same systems with 514.5 nm laser excitation ( figure 3(b) ). There is a significant change in the intensity of D and G bands with a change in excitation wavelength. From figure 3(b) , it is apparent that the G and 2D band intensity is enhanced due to the presence of Au NPs. This might be caused by the Au plasmon induced surface enhanced Raman scattering (SERS). The enhancement factor (EF) is determined by the ratio of intensity, EF=I Au /I Pristine for both G and 2D bands [41] . It is found that the G band intensity is enhanced by a factor of 1.3 and the 2D band intensity is enhanced by a factor of 7 after Au deposition. Interestingly, the incident radiation of λ=514.5 nm is close to the SPR band of Au NPs seen at 532 nm (discussed later). Because of the close proximity of the resonant bands of Au NPs with the excitation laser wavelength, there is an enhancement of electromagnetic field intensity at the Au NPs and GQD-GCN interface and this strong electromagnetic coupling enhances SERS effect [41] . Note that there is a decrease in D band intensity in GQD-GCN after Au deposition. This might be due to the reduction in the numbers of unsaturated carbon sites due to the attachment of Au on these sites through Au-C bond formation. The chemical composition of Au@GQD-GCN is characterized by XPS. Figure 3(d) shows the C1s spectrum, which is deconvoluted into four components with each peak having the contribution from different forms of carbon in GQD and GCN. The four components of C1s XPS of Au@GQD-GCN appear at 284.4, 286.0, 287.5 and 288.6 eV, respectively. The intense peak at 284.4 eV is attributed to sp 2 C=C bonding of graphitic domain [14, 49] . The second intense peak at 287.5 eV can be attributed to aromatic sp 2 C-N=C linkages in the aromatic ring of g-C 3 N 4 in hybrid [50, 51] . The peak at 286.0 eV has origin due to the presence of sp 3 carbon attached with functional groups or disordered states, such as C-C, C-O (ether), surface states, etc [26, 52] . One more peak appears at 288.7 eV which might be associated with C-NH-C linkages formed by the attachment of hydrogen on the bridging N atom coordinating the aromatic rings in the hybrid system. Figure 3 (e) displays the deconvoluted N 1s spectrum of the hybrid system. The peak at 398.0 eV is due to aromatic sp 2 (C=N-C) bonding in the s-heptazine ring, and the peak at 399.4 eV is assigned to bridging N atom (N-C3) in GCN [51] . XPS spectrum of Au 4f has two strong doublets at 83.0 eV (Au 4f 7/2 ) and 86.6 eV (Au 4f 5/2 ). These peaks signify the presence of metallic Au 0 in the hybrid system ( figure 3(f) ) [53] [54] [55] . There is a negative shift (−0.8 eV) of the doublets of Au in the hybrid system with respect to the positions reported for pristine metallic Au, which are at 83.8 eV and 87.4 eV respectively [55, 56] . The negative shift of the XPS peak is identified with electron transfer occurring from GQD-GCN to Au NPs [54, 55] . There are two shoulder peaks in Au 4f spectrum which are at the higher binding energy sides of the strong doublets. These peaks are at 84.5 eV and 88.1 eV, and attributed to the presence of cationic gold species (Au δ+ ). An appearance of charged species might be due to the formation of Au-C bonding at the interface of Au and GQD-GCN [57] . Figure 4 (a) shows the optical absorption spectra of the samples under investigation. GQD exhibits two absorption bands at 268 nm and 332 nm, respectively. The maximal absorption at 268 nm can be ascribed to π-π * transition of sp 2 C=C skeletal framework. The shoulder absorption at 332 nm is owing to the n-π * transitions and involves non-bonding electrons present on oxygen (C=O or C-O) of the attached functional groups (epoxy, carboxy, etc) at carbon edges [52, 58] . GCN has a strong absorption peak at 370 nm. This peak is attributed to n-π * electronic transition involving lone pair electrons on nitrogen 2p orbital [35, 49] . GQD-GCN contains an absorption at 256 nm due to π-π * transition of sp 2 carbon (C=C) of GQD, two small humps at 326 and 387 nm and an absorption tail extended to the visible region. The humps at 326 and 387 nm correspond to n-π * transition involving oxygen lone pair electrons in the case of GQD and nitrogen lone pair electrons in GCN, respectively. The absorption tail appears because of the presence of disordered states (oxygenated states, carbon or nitrogen vacancies) at the interface of GQD-GCN. The absorption spectrum of Au@GQD-GCN has two significant absorption bands. The higher energy band correspond to n-π * transition in GCN (at 371 nm) and the lower energy band refers to the SPR band (at 539 nm) of embedded Au NPs [59] . The expected UV absorption bands of GQDs are merged with the broad absorption spectrum of the plasmonic hybrid system. For the pristine Au NPs, a narrow SPR band is observed at 527 nm (inset of figure 4(a) ). In the hybrid system, there is a red shift in the SPR band by 12 nm. The changes in the dielectric media surrounding the Au NPs in the hybrid system might have resulted in the red shift of the absorption band [59] . Figure 4 (b) displays the steady-state PL spectra of plasmonic Au NPs decorated GQD-GCN and their associates. The samples show blue-green emission on excitation at 375 nm. The most intense emission appears in the blue region. The emission spectrum of GQD shows a peak at 423 nm and an emission tail extended to the visible region. In conformity with the available literature reports, we infer that the PL in GQD is due to the presence of oxygenated functional groups (-OH, COOH, C=O, etc) and edge states (armchair and zig-zag edges) localized in the π-π * energy gap of GQD [52, 60] . GCN displays a strong emission at 460 nm. Unlike GQD, the emissions in GCN are due to various electronic transitions in the s-heptazine ring. Band states of GCN consist of sp 2 (C=N) π bond, sp 3 (C-N) σ bond and lone pair (LP, n) electrons present on bridging N atom in sheptazine ring [61] . On photoexcitation, electrons are excited to the highest energy states in the conduction band and then finally relax to the lowest occupied molecular orbital, which is the C 2p π * state. From π * states, the electrons undergo π * -π, π * -n transition giving rise to the various emission peaks. Emissions at longer wavelength are mostly due to the presence of intra-gap electronic states in GCN [62] . The hybrid GQD-GCN displays maximum emission at 432 nm and the emission spectrum looks similar to that of GQD. There is, however, no noticeable change in the emission profile of GQD-GCN after Au deposition.
In order to understand the carrier relaxation dynamics in GQD-GCN, Au@GQD-GCN and their associates, we performed the TRPL measurement. The samples are excited at 375 nm ( figure 4(c) ). Lifetime of the charge carriers and their relative abundances are obtained after tri-exponential fitting of the spectra. The results are listed in table 1. The shortest lifetime (t 1 ∼0.46 ns) in GQD can be associated with π * -π transition of sp 2 bonded core carbon. Various sources might contribute to the extended lifetimes (t 2 and t 3 ) in GQD. These include presence of armchair or zig-zag edges, defect states and functional groups [52, 60, 63] . GCN has a short carrier lifetime of 0.86 ns (t 1 ) which is due to π * -n transition. Long components 4.23 ns (t 2 ) and 21.45 ns (t 3 ) can be associated with the presence of intra-gap states in GCN. These intraband gap states form both shallow and deep trap states in the band gap of GCN. The carriers are relaxed for a sufficiently longer period in those traps before they undergo recombination. The average carrier lifetimes (t av ) in GQD and GCN are 4.3 ns and 16.3 ns, respectively. The hybrid GQD-GCN has the longest average carrier lifetime of 20.8 ns. The interface developed between GQD and GCN could be responsible for the prolonged charge carrier lifetime in GQD-GCN. Note that, after Au decoration, the average carrier lifetime of the hybrid system reduces to 16.2 ns. The reduction in the carrier lifetime is due to enhanced charge transfer interaction in plasmonic hybrid system. This result is in conformity with the earlier reports in plamonic based hybrid nanosystems [64, 65] . The charge transportation occurs from hybrid to Au NPs where Au acts as electron reservoir.
MB is considered as the model organic compound to study the PC activities of the different catalytic systems under consideration. Figure 5 shows the UV-vis absorption spectra of MB irradiated for different times in the presence of catalysts GQD, GCN, GQD-GCN and Au@GQD-GCN. The absorption maximum of MB at 665 nm gradually decreases in intensity as irradiation continues. The reduction in intensity is most prominent when irradiation is performed in the presence of Au@GQD-GCN. Figure 6(a) shows the photodegradation of MB as a function of irradiation time. It is seen that in the absence of catalyst, MB molecule itself is inactive to undergo self-degradation under visible light and only 12% degradation occurs after 180 min of irradiation. When GQD is added to the MB solution and photoactivity is evaluated, only 22% MB degradation is recorded. GCN, however, shows superior PC activity than GQD and a 48% MB degradation is achieved. GQD-GCN hybrid shows 54% degradation of MB. In our earlier study, we have shown that Au NPs itself is not useful in MB degradation [29] . However, present results demonstrate that when Au NPs are anchored on the surface of GQD-GCN, the PC activity of the later is enhanced and 86% MB degradation has been achieved over the irradiation time of 180 min. The kinetics of the PC reactions follows a pseudo first order process expressed by ln (C t /C 0 )=−kt, where k is the reaction rate constant obtained from the slope of the linear plot ( figure 6(b) ). In order to understand how Au deposition might influence the PC activity of pristine GQD and GCN, we have performed PC measurements of Au-GQD and Au-GCN ( figure 6(c) ). Photodegradation of MB enhances for both GQD and GCN when these catalysts are decorated with Au NP. We have reported MB degradation of 58% and 31% in presence of Au-GCN and Au-GQD, respectively. Figure 6 (d) clearly reveals that the rate kinetics shown by Au@GQD-GCN is nearly 6 fold higher than that of GQD and 2 fold higher than GCN and GQD-GCN. PC reaction in aqueous solution is initiated by hydroxyl ( ⋅ OH) and superoxide radicals (
⋅-
O 2 ). In order to know their presence in irradiated MB solution and to confirm their participation in photocatalysis, we have performed TA detection test and NBT test [66, 67] . Figures 7(a), (b Based on the visible light PC results of GQD, GCN, GQD-GCN and Au@GQD-GCN, we may highlight the following points to explain the mechanism of their PC activities.
GQD and GCN
Despite the presence of reactive oxygenated functional groups, GQD exhibits very poor PC activity. As revealed by the TRPL analysis, the oxygenated functional groups in GQD act as carrier recombination centres. Therefore, available numbers of free carriers are less able to take part in the photocatalysis. Moreover, its poor absorption in the visible region could be another factor behind its low PC activity. Unlike GQD, GCN appears to be a better photocatalyst. The better PC activity of GCN can be attributed to its extended visible absorption and prolonged carrier lifetime.
GQD-GCN
TRPL analysis of the sample shows a longer carrier lifetime implying a superior interfacial carrier separation. Presence of sufficient numbers of free electrons and holes at the interface can readily interact with adsorbed MB molecules and could speed up the photodegradation of MB. The hybrid system also shows broad absorption tail extended to ∼720 nm in the visible region. Extended visible absorption and efficient interfacial charge separation are likely to be the key factors behind the improved PC activity in GQD-GCN.
Au-GQD, Au-GCN and Au@GQD-GCN
It is observed that after the deposition of Au NPs, the PC activities of GQD, GCN and GQD-GCN hybrids are enhanced. Au NPs may act as electron traps and might enable hole separation on the material/substrate where it is attached. Further, because of the SPR effect, plasmonic Au NPs will enhance the localized electric field surrounding the Au NPs [27, 28] . This enhancement of optical field at the proximity of the attached semiconductor will provide facile electron-hole separation. The above explanations can be illustrated with the help of a schematic, as shown in figure 8(a) . When Au is deposited over GQD-GCN, the Au NPs may get attached with both GCN and GQD. Because of SPR effect, Au NPs are able to concentrate high light intensity (optical field enhancement) at the interface of GCN-Au-GQD. This will trigger photoexcitation of electrons in both GQD and GCN. Photoexcitation is followed by charge transfer from hybrid system to Au NPs. However, in case of Au-GCN and Au-GQD, the deposited Au NPs will trigger photoexcitation on GQD or GCN. Therefore, the optical field enhancement for carrier excitation and separation are expected to be weaker in Au-GCN or Au-GQD as compared to those in Au@GQD-GCN. Plasmon induced MB degradation is reported in ternary layered hybrid systems of Au-C 3 N 4 -Graphene [68] . In this study, Xue et al observed 97% degradation of MB for irradiation time of 240 min with 100 mg catalyst in 10 mg l hybrid system of GQD-GCN decorated with Au NPs perform as an efficient visible light photocatalyst.
Note that Au@GQD-GCN shows better PC activity than the other catalysts. In order to understand the mechanism for the enhanced PC activity in Au@GQD-GCN, we need to understand the charge separation, charge transfer and charge accumulation process in the plasmonic hybrid. Carrier separation and charge transfer depends on the band structure of the hybrid. We have drawn a band diagram of the plasmonic hybrid system based on the available literature reports on the band structure of GQD, GCN, Au and MB [69] [70] [71] [72] [73] [74] [75] . In conformity with the literature reports, the conduction band and valence band position of GQD is drawn at −1.57 and One important issue with the visible light absorbing dye molecule is its self-sensitization effect. Under the visible light illumination, the MB molecule undergoes photoexcitation to a higher energy state. However, from the position of conduction band of MB, it is clear that transfer of electrons from photoexcited MB * to GQD or GCN is not feasible. Electron transfer from MB * to Au, however, might take place. However, our previous report shows that Au NPs itself does not show any appreciable photoactivity in MB degradation [29] . Therefore, the photodegradation of MB is initiated only in presence of plasmonic hybrid catalyst with negligible possibility of self-sensitized photodegradation. Therefore, the PC processes can be summarized as follows. Under photoexcitation of visible light, GQD-GCN, which absorbs mostly in the near visible region, can be excited by visible light λ<460 nm. However, longer wavelength (λ>530 nm) light exposure stimulates SPR absorption in Au NPs. The plasmon excitation will generate large enhancement of optical field in the vicinity of Au NPs at the interface with GQD-GCN (see figure 8(a) ). This optical field will trigger energetic electron generation in the neighbourhood of GQD-GCN. Photoexcited carriers, generated in the hybrid as a result of plasmonic absorption, will migrate to Au NPs and participate in PC reaction. Electrons in Au forms 
Conclusion
We have shown that plasmonic Au NPs have a profound effect in the enhancement of PC activity of 0D-2D (GQD-GCN) hybrid systems. The presence of oxygenated functional groups on GQD (unlike pure graphene) and the presence of interlinked s-heptazine chains and bridging N in GCN sheets have a beneficial effect on the charge carrier separation, leading to moderate PC activity. In the hybrid system, electron transfer occurs from GQD to GCN nanosheets and the presence of Au NPs enhance the charge transfer efficiency from the GQD-GCN to Au by the intermediary Au-C bond at the interface. Plasmonic excitation not only generates sufficient surface electrons on Au but also photoexcites charge carriers at the GQD-GCN interface, in the vicinity of Au NPs. Because of the plasmonic effect, large enhancement in PC activity was observed in Au@GQD-GCN over other catalysts under the illumination of visible light.
